The common bean (Phaseolus vulgaris L.) is the most important grain legume for direct human consumption, being especially important in eastern Africa and in Latin America. The objective of the Centro Internacional de Agricultura Tropical (CIAT) in participating in the Consultative Group on International Agricultural Research (CGIAR) Micronutrients Project has been to assess the feasibility of improving common beans for micronutrient content, especially iron and zinc. In the evaluation of more than a thousand accessions in the cultivated core collection, a mean iron concentration of 55 mg/kg was found, with a range of 34 to 89 mg/kg. Zinc concentrations ranged between 21 and 54 mg/kg, with an average value of 35 mg/kg. These initial data suggest that sufficient genetic variability exists to improve iron content by about 80% and zinc content by about 50%.
Introduction
Food legumes in general contain appreciable quantities of iron and other minerals. Although legumes are often cited as a complement to cereals in terms of amino acid content, they also make a particularly important contribution to micronutrient nutrition. Decreasing per capita consumption of legumes in India is considered to be one possible cause of increasing iron deficiency, illustrating the importance of legumes in the diet. The common bean (Phaseolus vulgaris L.) is the most important grain legume for direct human consumption, being especially important in eastern Africa and in Latin America. The objective of the Centro Internacional de Agricultura Tropical (CIAT) in participating in the Consultative Group on International Agricultural Research (CGIAR) Micronutrients Project has been to assess the feasibility of improving the micronutrient content of common beans, especially the iron and zinc contents.
Genetic variability in mineral content
The first essential question regarding whether the micronutrient status of beans can be improved is to determine the degree of genetic variability of the species in mineral content. For this purpose, we evaluated the common bean core collection for mineral content using inductive coupled plasma (ICP) technology at Adelaide University. A core collection is a systematic sample of the germplasm of a species, taken in such a fashion as to represent the broadest possible genetic diversity in a limited and manageable number of accessions. In the evaluation of more than a thousand accessions in the cultivated core collection, a range of 34 to 89 parts per million (ppm) was found, with an average of 55 ppm (table 1) . A clear relationship between iron content and geographic distribution was not evident, although accessions from the Andean gene pool tended to have higher iron contents than those from the Mesoamerican pool. The iron-content values from wild and cultivated beans had similar standard deviations, and wild beans had only a narrow advantage in iron content. Initially we thought that use of the wild bean was not warranted in the breed-ing programme because of its undesirable agronomic characteristics, but recent developments in breeding methods for the use of wild germplasm have induced us to include a wild accession in the populations under study. Given that some of the cultivated accessions with high iron content originated in Peru, we subsequently evaluated additional germplasm from this region, finding accessions with values that averaged as much as 100 ppm over sites and seasons (table 2) .
The zinc content of beans is one of the highest among vegetable sources; it is nearly equal to that of dairy products but is far inferior to that of meats. Evaluation of the bean core collection revealed a range of 21 to 54 ppm in zinc content, with an average value of 35 ppm (table 1). Germplasm from Guatemala had especially high values of zinc, but it has not been possible to find germplasm with values that exceed the levels found in the initial evaluation. These initial data suggested that sufficient genetic variability exists to improve iron content by about 80% and zinc content by about 50%.
An essential question for the improvement of any trait is to what degree the trait is stable across environments. In the case of seed mineral content, one might well expect an effect of varying soil type and soil chemistry over sites. Trial plantings were done to assess the stability of mineral content over two growing environments, and two seasons in one of these sites. For both iron and zinc, the varietal mean square was highly significant, although location and location × variety effects were also significant. Visual inspection of the data confirmed that several accessions were superior independently of site and season. This indicates that the superior mineral content selected at one experimental site should not be lost when the materials are planted at other sites, although the degree of expression of the trait will vary.
One criticism of the breeding approach (or, for that matter, any approach that does not involve improving food intakes) to resolve micronutrient deficiencies is that it addresses deficiencies one element at a time. In fact, this might not be the case. In the core evaluation, we noted that positive correlations existed among several important elements. For our purposes, suffice it to say that iron and zinc had a statistically significant correlation of 0.52*** across different genotypes. Even more convincing are the results of mineral evaluation of recombinant inbred lines (RILs: homozygous lines derived from a simple cross) developed for genetic studies, since these correlations probably reflect co-segregation of genes for traits. The correlations presented in table 3 are derived from a cross of Andean beans, but the same tendency was observed in a Mesoamerican cross. Again, highly significant positive correlations are found among several elements, including iron, zinc, sulphur, manganese, and phosphorus. The implication of these correlations is that some genetic factors for different minerals are co-segregating and that selection for one element (for example, iron) will in fact result in an increase in other elements (such as zinc).
Variability in tannin content
Tannins are widely cited as important antinutrients that precipitate iron in food preparation or in the gut. One possible avenue for the improvement of iron nutrition is to reduce the tannin content or activity. For this purpose, we evaluated the core collection for tannin content. This variability was considered within the context of grain colours, since tannins are closely related to the seed coat pigments, and the possibilities for altering the tannin content must be evaluated within a colour class. For example, white beans have very low tannins, but if this trait is related to lack of pigment, it might not be possible to transfer this trait from white beans into beans of other colours. It was necessary to establish that the low-tannin trait can be obtained in other colours of beans as well. Table 4 indicates the range of tannin contents found within each colour class. There is apparently ample variability even within colour classes to be able to alter the total content of tannin in the seed coat. The darkercoloured beans (red-and black-seeded) in fact had more tannins, but there was more variation within colour classes than between classes. In some degree, this was related to the gene pool as well, especially in black beans: Mesoamerican black beans had high tannin, and Andean black beans had very low values of tannin content. It can be noted in passing that in one trial to measure bioavailability in rats [1] , two white beans in fact had the highest percentages of bioavailable iron: over 70% versus about 50% or less for other accessions. This suggests that lower tannin could in fact be beneficial, although the analysis of all accessions in the trial did not reveal an effect of tannin, possibly because of inadequate variability in tannin content among the other accessions.
One concern about the possibility of lowering tannin content was related to possible collateral effects, since tannins may have other functions, such as serving as resistance factors or flavour components. We have compared data on tannin content with disease reaction data on the core collection, using simple linear cor-relations. Although the relationship is not consistent, it was found that positive correlations are more common than negative correlations. That is to say, high tannin in the seed coat is often associated with more disease, not less disease. This effect was actually quite strong in the case of common bacterial blight (caused by Xanthomonas campestris pathovar phaseoli) and was also observed with reaction to Rhizoctonia solani. The most consistent negative correlation (i.e., more tannin associated with fewer symptoms) was observed in relation to an insect pest, Empoasca kraemerii. Thus, although the relationship between seed coat tannin and pest resistance is not consistent, there appear to be few negative effects on plant resistance associated with reduced tannin.
Variability in sulphur-containing amino acids
We considered the possibility of genetically increasing sulphur-containing amino acids (SAA) as promoters of iron uptake, looking at the genetic variability of sulphur content in the core, under the assumption that this reflected SAA. Subsequently a subset of the core was analysed for amino acid content by high-performance liquid chromatography (HPLC), and a near-infrared spectrophotometer at the CIAT was calibrated to detect methionine and cystine. The results suggested that some accessions had levels of SAA about 25% above the mean of the core. Furthermore, the genetic component of SAA content was expressed over localities and seasons (table 5) . However, we have not pursued this. Although legumes are limited in SAA, they have abundant lysine, which has also been reported to improve uptake. The question remains whether lysine can supplant SAA in the uptake promoter role.
Genetics of mineral content
Four populations had been prepared as recombinant inbred lines (RILs) for the development of molecular markers, and three of them have been analysed. Two of these populations were derived from crosses of Mesoamerican parents, and one population was derived from a cross of Andean parents. Thus, the two major gene pools of the common bean were represented. The recombinant lines reveal aspects of the genetics of iron and zinc content in the parental materials. The results from all three populations are similar, and only the results of one population are presented graphically ( fig. 1 ). In all three populations, both iron and zinc content in the RIL had a continuous distribution, which is to say, mineral content behaves as a quantitative trait. The parental accessions in each case were very close to the extremes of the populations, and very few progeny exceeded the values of the parental genotypes. This suggests that almost all of the favourable alleles came from the high-iron parent. The only exception to this rule was the population of G11350 × G11360, a Mesoamerican cross, in which several progeny were either inferior or superior to the parents in iron content. The number of segregating lines that had iron contents similar to those of the parent with higher iron contents suggests that the number of genes involved could be in the range of four to seven.
Quantitative trait loci analysis of iron and zinc content
Although molecular analysis of the core collection was part of a separate project, the existence of data on mineral contents of the core accessions permitted relationships to be established between specific DNA bands and mineral content. Of the two major gene pools, the Andean pool is quite uniform genetically. However, introgression has occurred from Mesoamerican beans that have been introduced into the Andean zone. Given the relatively uniform background of the Andean beans, this introgression can be traced and quantified by using DNA markers. Subsequently we could use standard QTL (quantitative trait loci) analysis to relate introgressed fragments of Mesoamerican DNA to changes in the mineral contents in the Andean beans.
Small fragments of DNA called primers can be used to "seed" the DNA extracted from an organism to generate larger fragments called RAPD (random amplified polymorphic DNA) that are typical of that organism. Eight primers were used to generate 150 RAPD bands on about 600 traditional farmer varieties of Andean origin. Of these accessions, about 10% displayed evidence of introgression from Mesoamerican beans. A simple t test was used to compare the mineral contents in accessions that showed a specific Mesoamerican band versus those accessions that lacked the band. Twenty-five bands so studied showed a significant effect on iron content, and 48 showed effects on zinc content, indicating that the DNA fragments originated close to genes that govern mineral concentrations. Of the 150 bands generated, 47 could be located in the genome on the CIAT mapping population. Seven regions were identified for iron, in chromosomes 3, 4, 8, 9, 10, and 11. Eleven regions were identified for zinc content, which appeared in all chromosomes except 5 and 7. Bands in four regions expressed an effect for both iron and zinc. Thus, loci for mineral content have already been placed on a reliable genetic map that includes RFLP (a molecular marker category) as well, permitting extrapolation to other maps of the common bean.
This preliminary mapping exercise confirms observations on the segregation patterns of the RILs to the effect that mineral content is quantitatively inherited. In the case of iron, the number of loci identified by QTL analysis corresponded rather well to the estimate Content of Zn (ppm) No. of accessions (total 113) based on the segregation pattern, whereas in the case of zinc, the QTL analysis revealed more loci than would have been expected. The loci that were found to be in common could be the basis of the positive correlation that was found between iron and zinc contents in the three populations.
It must be stressed that this is a very preliminary estimate of where QTL are to be found and what their effects might be. Furthermore, all the markers identified are RAPD and therefore are not of adequate quality to use in marker-assisted selection. The search for reliable markers represents another phase in the task of increasing mineral content of the grain.
Conclusions
Studies to date suggest that the iron content of the common bean could be increased by 60% to 80%, while potential gains in zinc content would be more modest, perhaps around 50%. Genetic differences have been expressed over environments and seasons, offering the prospect that genotypes selected in one environment for high iron or zinc will express superior levels of minerals in other environments as well. The genetics of iron and zinc content appear to be complex, involving from 7 to 11 loci. However, allelic variation remains to be explored, and it might yet be possible to identify alleles at specific loci with relatively major effects. Correlations among mineral contents suggest that the improvement of one mineral may simultaneously improve the contents of other minerals, thus multiplying the impact of the effort. The fact that white beans presented higher bioavailability of iron suggests that lower tannin content could be beneficial, but the role of tannin is still not well elucidated.
